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SEES What We Know

The Standard Model is the theory describing the interactions
(strong, electromagnetic and weak) among el ementary particles

Elementary particles come in two varieties
Fermions (quarks & leptons) and Gauge Bosons

Qe

Elementary Particles

2, U c t g
—
3 up charm top sluon
N 3
- O d S b ¥
3 down strange bottotn photon E
L
0 w Ve Vu V1 s
g g neutring g neutring ¢ neutring | B boson @
E‘ =
1 e J7i T Z
electron tr ot tau £ boson

£ (Jenerations

3= ] 11 111

. — >
INCreasing 1N mass

The electroweak symmetry requires particles to be massless
and therefore must be broken

SU(3)c»SU(2) ®U(1)y



B2 Higgs Mechanism

The electroweak symmetry is postulated to be broken
through the Higgs mechanism
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The ground state does not possess the @ —@
symmetry of the potential if p2<0

Consequences of EW symmetry breaking

1) The mediators of weak interactions (W* and Z) acquire
MaSSeS.

2) Electromagnetism is mediated by massless photon.

3) At least one massive neutral scalar particle (Higgs
particle) appears, but its mass is not predicted.

4) Fermions can acquire mass through their Y ukawa
couplings to the Higgs.



|58)) What We Do Not Know

Though there are no confirmed data that deviate from
the Standard Model, nevertheless
there are many open questions within the model

Top Quark

Higgs Mechanism
Does Higgs Boson exist?
What is the origin of electroweak symmetry breaking?
What is the origin of fermion masses and
their pattern?

Bottom Quark
Is CP violated in b-quark decays?

Neutrinos
Despite of recent breakthrough, it is fair
to say that we still don’t understand neutrinos



5§©)  Theoretical Issues

Theoretically, the Standard Model is unlikely to be
a compl ete theory
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Not only Standard Model does not incorporate gravity,
strong, electromagnetic and weak interactions do not
unify at high energies without new physics
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=5&)) Beyond the Standard Model

Supersymmetry is atheory that theoretically popular
but experi mentally unconfi rmed

Partlcles

3 5&

‘1—- Supersymmetnc
"shadow " partlcl

It provides a solution to Higgs mass problem
by equalizing numbers of fermions and bosons

Strong, el ectromagnetic and weak forces unify
at high energies with supersymmetry
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sE83) Hadron Collider Chronicle

#of observed events =
L uminosity x Cross Section x Efficiency = £ x a(~/S) x €

\fS i TeVRunlll L
10 TeV 1 10 s
7 1 fbt
LTevii 100 pb*
i 1 10 pbt
100 GeV|
: 1 1p6t
10 Gev | | \ \ \ 1100 nB*
1960 1970 1980 1990 2000 2010
Year
1970: ISR at CERN high pt physics
1982: SppSat CERN WI/Z discoveries
1990: Tevatron at Fermilab top discovery...

2005: LHCat CERN ?77?



[5#®) Tevatron pp Collider

Fermilab Tevatron Collider is the highest
energy collider currently in operation in the world

Proton and anti-proton beams were accelerated to
900 GeV each and were brought to collide at
2 interaction points (CDF and DJ)

Run | (1990-1996)
An integrated luminosity of about 100-pb
was recorded per detector
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=2£)) Hadron Collision Kinematics

Protons (antiprotons) are composite particles

For the purpose of hard scattering,
a proton (anti-proton) is a broad-band, unselected beam
of quarks, anti-quarks and gluons.

Hard Scattering

p p(p)

Total energy is unknown
Total longitudinal momentum is unknown

Total transverse momentum is zero

The total transverse energy of invisible particles
can be inferred from visible particles

E

E.+3sE. =0
inv _Vvis N
ET - invET - _visET

(Transverse Plane)



X853 From Collision to Detection

Particle Decays

Heavy quarks/leptons are unstable and decay
viaweak interaction to their
lighter counterparts whenever kinematically allowed

#J C l[ t - bW ct~1fm (prompt)
d\ls\ b b~ CW** ct ~470um (delayed)
T-VW ct~90pum (delayed)

V . pevuw* Ct~650m (stable)

e "

-

v
f N

e Hu W - qq, /v

Hadronization

No free quark or gluon has ever been observed

Occur at an energy scale Agcp



SUES Cross Sections

The cross section is dominated by jet production.

Cross Section Events
Jet s=18Tev |
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Interesting high p; events are buried
In huge backgrounds



SEES Collider Detector

A detector cross-section, showing particle paths
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SUES Silicon Detector

The development of the silicon detector represents
one of the greatest advance in detector technology

Signal

_T_ Charged
particle Powerful tool for
tagging b-quark jets

Silicon Decay
b_cW*
V>0 Production
P+p —t+ T
t—>b+W W'— ey,
t—=bsW W—u+d A CDF tt candidate
Both b-quark jets
Jet 2 (@) are tagged by their
Jot 1) decay vertices
T Length of gaps

L2 Li=4.5 mm

\\\Lz = 2.2 mm

Jet 4 (b)

e



SHE D@ Collaboration

B=  The Do Collaboration  EEEE

IBA, Delira

------
[T

I ‘x‘.\

I [,

£ r |
! 1 q | |

i
i

Raw Yotk LRI ETRENFFy

L ST T

LT falfing
uuuuu

IRVEATRY, ek (o L Ades, Beers A ¢ Ao LAFER, CRAF. A da Jares CEW, Suitey
Rk i L b S

About 450 physicists from 48 institutions of 11 countries

UM/DQ Group Members

Research Fellows
K. Del Signore, A. Turcot, (N. Amos, D. Stewart)

Graduate Students
W. Chen, Y. Huang, Q. Xu, (F. Hsieh, S. Chopra)



5 Major Michigan Projects

| nfrastructure Contributions

Run |: InterCryostat Detector
(H. Neal et a.)

Run |1 Central Preshower Detector
(K. Del Signore, D. Lincoln, J. Qian, ...)

Particle |dentification Software Development
(K. Del Signore, A. Turcot)

Physics Activities

M easurement of tt cross section and
Search for new physics beyond the Standard Model
(Sailesh Chopra)

Measurement of Top Quark Mass
(Frank Hsieh)

Search for Top Quark in All-jets Final State
(N. Amos, D. Stewart)

Search for Supersymmetry with Photons
(S. Chopra, J. Qian)

Run Il Higgs/Supersymmetry Studies
(J. Qian, A. Turcot)



<EE) Run | Detector

D@ detector is a nonmagnetic detector.
It emphasizes calorimetric detection of jets and E
It is designed for studying high phenomena.

The key component is the uniform, hermetic
and fine-segmented liquid Argon/Uranium calorimeter



I_?ﬁj@ Discovery of the Top Quark

CDF: Phys. Rev. Letters 74, 2626 (1995)
D@:. Phys. Rev. Letters 74, 2632 (1995)

Dilepton 3 4

¢ + jets (topo) 8 23
¢ + jets (b tag) 6 6
Total 17 33

Background 3.8£0.6 20.6+£3.2

Probability | 2x10° (4.60)| 0.023 (2.®)

oy (M=200)| 6.3x2.2pb | 4.52.5pb

N
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10

Cross Section (pb)
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=3%) Top Quark Production

Top quarks are mostly pair produced at Tevatron

A T T T
q g g
g g
q t g t 9 t
b Topisshort lived: t—~Whb

€)W - ww - w0
(W - /v, W - gg’) O 7+ jets
W () (W - qg,W - qq) O All-jet

A schematicp + jetsevent from tt decays

top quark
profons & antiprotons:
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A Top Antitop Quark Event from the
D-Zero Detector at Fermilab

Top pair production is arare process
For every top pair event, there are about 1,000,000,000
other events produced



=58 tt Production Cross Section

Cross Section = Nevent ~ |\Ibac:kground
Luminosity x Efficiency
20
18-
A16 :\\\\ Laenen et al.
ald .. - Berger et al.
S12 B A Catani et al.
210 - )
38
@) 6|
4 |
2 |
| \ | \ | \ | \ | \ |
9_40 150 160 170 180 190 200

Top Quark Mass (Ge\/?):

o(pp - tt+X)=55+1.8pb

Phys. Rev. Lett. 79, 1203 (1997)

Measured cross section isin good agreement with
all three Next-Leading-Order calculations



[=)®) Weighing Top Quark

¢ + jetstt candidates

What happened What we observed
t - bW* = bey ! b-jet £ jet

b jet

-V
E — BW_ — Bdu
. Jet .
-jet jet

Py =0 >py=0
M(jj) =My M(v) =M,
M(j)J) = m¢ M(4v)) = my

rntop rntop rntop rnfit

Monte Carlo Templates
160

170 The m, can be extracted by

comparing the measured my;,
distribution with the signal
templates obtained from
Monte Carlo




=8)  Top Quark Mass

Data (¢ + jets) aredivided into
top - rich and background - rich regions
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M, =173.3+5.6(stat) +5.9(syst) GeV/c?
Phys. Rev. Lett. 79, 1197 (1997)



Transversemass m- :\/ 2ESET (1-cos@™)

number of events
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M, = 80.43 + 0.11 GeV/c?
Phys. Rev. Lett. 80, 3008 (1998)



s28)) Electroweak Corrections

Within the Standard M odel
MZ, =M2(1-sin® By )(L+Ap)
Radiativecorrection Ap = Ap(m¢,My, Q,...)
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By measuring top quark and W boson masses precisaly,
the Higgs boson mass can be extracted



=3&) Standard Model Fit

6 T ™

L —1/0®=128.878+0.090
V- 1/0®=128.905+0.036

| Excluded

P » . ——T
10 10 10
m, [GeV]

Thefit prefersalow mass Higgs !

Thedirect searchesat LEP
M, >90GeV/c® at 95%C.L.



8) m, FromSM Fit

Before the top quark discovery, the top quark
mass was inferred from the precision datato be

m, =177 +11+19 GeV/c?
(B. Jacobsen, XX1Xth Rencontre de Moriond, 1994)

m, =174+5GeV/c?

40 — — -
35 -
30 -
N ]
~< i
25 ; 7
/ my=1TeV A
207 “m, =300 GeV
m,= 60 GeV :

100 150 200 250

m, [GeV]

(JQ, Ph.D. Thesis, MIT, 1990)
m,=125+35+20 GeV/c?



“#©) CDF eeyyE, Event

Much publicity has accompanied the CDF event.

It is unusual because isolated leptons, photons,
and especially large I£; are rare in the Standard M odel

eewlZTCandidate Event

e1 e Candidate
_ E+ = 63 GeV
ET = 36 GeV v Tx

F =55 GeV

The probability for the event to be resulted from known

process is estimated to be 10°.
Phys. Rev. Lett. 81, 1791 (1998)



38 Search for y(y)E, Events

D@ searched foyyl,éT andyE,+jets events and
no excess beyond the backgrounds was observed

Events

Events /2.5 GeV
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S Tevatron Upgrade

Major upgrade to increase luminosity by
Improving anti-proton production

Two new machines
Main | nJ ector and Recycl er

Run I1 (2000- 2002)
Js=2.0TeV with an expected luminosity 2 fb™



“)©) Detector Upgrade

The D@ upgrade is designed to improve
its high p- capability and
to adapt to the new collider environment

A major part of the upgrade is to replace the
Run | tracker with a magnetic tracker
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1) 2 Teda superconducting solenoid

2) A high resolution silicon vertex detector
3) A state-of-art scintillating fiber tracker
4) Central and forward preshower detectors



s283)  Silicon Vertex Detector

Four layers (single or double sided) per barrel
Interspersed double disks with £15° stereo angles

Four large H disks at forward region
About 800,000 channels

Pitch varies from 50-100 pm
10 um single hit resolution

Secondary vertex resolutions:
40 pmin R-@ and
100 umin R-Z




|38 Scintillating Fiber Tracker

1.3m

Z-U-v
axial, = _
stereo - - B o

‘ 8

Charged Particle
0000000000
|
000000000 v

16 layers (8 axial and 8 stereo) of scintillating fibers
extending radii from 20 to 50 cm.

Visible Light Photon Counter (VLPC) asthe
photodetector, light yield ~ 10 p.e./hit

Tota channel count: ~80,000.



s28))  Preshower Detectors

Central (8,000 channels) and forward (16,000 channels)
preshower detectorsto aid
electron triggering and identification

Extruded triangular strips with embedded wavelength
shifting fiber readout and VVLPC as the photon detector

e v/ITC e

I \

] \
I \

[

Preshower

Fiber
tracker




=5%) Top Quark Physics

Despite of the discovery, we know little about the
top quark experimentally
due to the small sample of top quark events

A factor of 50 increase in tt sample is expected in Run Il

With the large top quark sample, we will be able
to study top quark production and decay in detail
and uncover any potential new physics

Duetoitsheavy mass, 't > Aqcp
The top quark is the only quark that decays
before hadronization,
[] study a "bare’ quark for the first time !

Althougho; ~ o; / 3isexpected,
single top production has not been positively established

o Ul (t - bw)

Direct measurement
of top quark width

A rich program in top physics



=38 M,, and m, Measurements

Statistical and systematic errors contribute equally
to the total errors of the present measurements

o 806
S DY Run I
& 80| 5M,,=0.04 GeV/¢ N
~ dm,, =3.0 GeV/é Q
= o D
- v
80.41 % QQ
P QO
O
80.3- P
80.2| N©
@6
S
@Q}
80.1| o

! \ \ \ \ \
8930 140 150 160 170 180 190 200
m, (GeV/c)

Combined with the data from LEP and SLC,
the Higgs mass can be constrained to be within 30%
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Higgs Boson Decay

If My <120GeV/c?,H — bbdominates

0 SM background : QCD bb production

If My >140GeV/c?, H — W*W~ dominates
[0 SM background: direct W™W ™ production

Branching Ratio
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=¥©) Higgs Boson Production

W/Z

However, it has huge SM backgrounds
SM bb productionfor H — bband

SM W*W ™ productionforH - W*W

WH and ZH production modes
haverelatively smaller backgrounds

Tevatron (Eg, = 2 TeV)
(MHW QCD %::orrecﬂoéns)

S~
S~
~

. gd.99 —> bbH
~~~~~~~~~~~~~~~ 99,99 — ttH | “*iqlgig
'ﬂ 0_3 . ] i\..: ~~~~~~ [Tty \ ! ! ! \ ! ! ! \ ! ! \\T‘\Ti‘~~\ ! !
60 80 100 120 140 160 180 200

Higgs Mass (GeV/c?)



=3%) Higgs Boson Search

LEP2 will discover or exclude a SM Higgs boson
up to 105 GeV/c? in mass before Tevatron Run 11

Higgs Search at Tevatron
WH, ZH with H - bbif my <120GeV/c?

g9 — HwithH — WW’ if my, >140 GeV/c?
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Run Il has arealistic chance for discovering or excluding
the SM Higgs boson up to 180 GeV/c? in mass
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|38 Large Hadron Collider

Large Hadron Collider at CERN

Circumigrence 26.7 km {16.6 milas)

Proton Beams ?ﬁl‘“eq”?’

Expermental Hall
(Collision point)

Detector for CMS experiment

ok,

Tunnel cross
sachion

Froton Injector

Experimental Hall
(Collision point)

Detector for
ATLAS experiment
(displaced for clarity)

It is our great hope for exploring the TeV scale physics
and understanding the puzzle of EW symmetry breaking.

There are two general purpose experiments planned.
Michigan is a member of the ATLAS collaboration.



<28)) What if Thereis No Higgs

Not only the Higgs boson is needed for particle
masses, it is also needed to make

olwrw — wiw) finite
W W

If the Higgs boson does not show up,
we expect to see anomaly in WW - WW cross section

Historical Precedent

W W
g NANNY/ g NANNV/
d—\/\/\/\/\/ d—\/\/\/\/\/
W W

W boson was introduced to make a(ev, - ev,) finite
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) Summary

Hadron colliders served uswell in
our pursue of high py, high mass physics
The upgraded Tevatron and

the new LHC will open up
new domains of high energy exploration

What can we expect in the next decade?

Learn agreat deal about top quark
and from top quark

Hopeful to unravel the puzzle of
el ectroweak symmetry breaking

Expect for unexpected...



Run | Physics Menu

« Top Quark Physics
o Discovery of the top quark
o Measurement of cross section and mass
o Study of top decay properties
o Search for single top production

Electroweak Physics

o WI/Z cross section and p distributions
o Measurement of W mass

o Triple gauge boson couplings

Quantum Chromodynamics

o Jet physics

o Color coherence

o Small x physics

Searches for New Phenomena

o Search for supersymmetry

o Search for leptoquarks, compositeness etc
B Physics

o Inclusive b production

o J/Y production



(5@ Selection of tt Candidates

Top pair events are topologically different from
most of the background events.

Top events are expected to be more spherical than
most of the QCD background events.
All top events have two b-quark jets.

Di- and single-lepton events have high E; leptons, large leT

Selection of 7 + jetsevents
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[5©)  Supersymmetry

To supersymmetrize the Standard Model,
the Higgs fields are doubled |eading to five Higgs particles

Standard Model Particles
WH yZhHA udev ...

] ] ]

Most supersymmetry models assume that R-parity
(R=+1 for the SM particles and R=-1 for their partners)
IS conserved

1) supersymmetric particles are pair produced

2) heavy sparticles decay to lighter sparticles

3) the Lightest Supersymmetric Particle (LSP) is stable
[1 missing transverse energy (ET)

Events with large ET are expected from
the production of supersymmetric particles



1“}©) Proposed Theoretical Models

In Gauge Mediated Models with NLS):{’%
50 VIS
Xl_’yG

PP XX = W'W K
Pp- ee__’ e©(1X1 _
were proposed as possible explanations of the event

Ellis et al., PLB 394 (1997), Ambrosanio et al., PRD 54, 5395 (1996), ...

Pair production of any supersymmetric particles
will [gsult inyWE +X events
if both x; decay inside the detector

.......---.---.--:?}a::n::a:::

Within the framework of MSSM with the LSRZ
a class of models with dominant
e- e+, andy, - X +Y
decays was also proposed as an explanation of the event
PP €8 - €6(X, ~ EGYX1X,
Kane et al., Phys. Rév. D55, 1372 (1997)

WE, events are expected from

pPp- €e, WV, xgxg+x processes

YE +jets events are expected from
Pp-a/g- xg+X processes
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=3%)) Visible Light Photon Counter

VLPC isasolid state detector which operates at 5K
with a quantum efficiency of 70% and
again of 30,000.

The sengsitivity peaks around 500 nm (Green).

Gain Drift
Intrinsic Region Region Spacer
Region —x‘ Region
_ Substrate
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SIGNAL

Capable of single photon counting !
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= [

CDF (m=175 GeV)
Combined

Dilepton

L+jets (SVX b—tag)
L+jets (soft lepton tag)
All jets

T—Dilepton

DO (m:=172 GeV)
Combined

Dilepton (with ev)
L+jets (topological)
L+jets (u—tagged)
All jets

Tevatron (m=174 GeV)

Theory

Top Cross Sections

£)) Tevatron Top Pair Cross Section

7.6+1.8=1.5 pb

8.2+4.4-3.4 pb
6.2+2.1-1.7 pb
9.2+4.5-3.6 pb
9.6+4.4-5.6 pb
10.0+16—-10 pb

5.6+1.8 pb
6.4+ 3.4 pb
4.1+2.1 pb
8.3+ 3.6 pb
7.9+3.5 pb
6.7+1.3 pb

4,7 — 6.2 pb



|5)©) Tevatron Top Quark Mass

DO dilepton (4) 168.4 £ 12.8

(DO combined) (172.1 £ 7.1)

TeV lepton+jets 174.8 £ 5.5
TeV Average 173.5 £ 5.2

.
DO lepton+jets (5) —— 173.3 £ 7.8
—.—
N
+

1 I 1 I 1 : I 1 I 1
120 140 160 180 200 220
m, (GeV)



283 World W Boson Mass

80.360 +/- 0.370 CUA2 (W - &)

80.410 +/-0.180 ‘@ CDF(Run 1A, W — ev,jv)
80.430 +/- 0.155 e CDF(Run 1B*, W — pv)
80.375 +/-0.120 & CDF combined*

80.350 +/- 0.270 o . DO(Run 1A, W - ev)
80.440 +/- 0.115 e DO(Run 1B, W - ev)
80.430 +/- 0.110 o DO combined

80.400 +/- 0.090 e Hadron Collider Average*

(50 MeV Common Error)

80.370 +/- 0.090 e LEP II* (ee — WW)
80.385 +/- 0.065 HH World Average
CiPrelminary e
[ [ 1] [ 1] [ 1] L [ 1| [ | | [ 1] [ [ 1]
79.5 79.7 79.9 80.1 80.3 80.5 80.7 80.9 81.1 81.3 815



SEE3)  Three Light Neutrino Species

H <

40

30

L3

e’e” — hadrons

O 1590-92

. A 1994
L@ 1995

=
=20
!
10 | By
0 - 1 I L L L I L I L L L I 1
38 a0 g2 Q4
Vs [GeV]
N
DELPHI —{H— 2.988+ 0.018
L3 —1A— 3.005+ 0.018
LEP :—.—: 2.994+ 0.011
2.95 3




